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Abstract: Nanoscale photonic crystal cavity optomechanical devices enable detection of
nanomechanical phenomena with a sensitivity sufficient to observe quantum effects. Here
we present the design of a one-dimensional air-mode photonic crystal cavity patterned in a
silicon nitride nanobeam, and show that it forms the basis for cavity optomechanical split-beam
and paddle nanocavity devices useful for force detection and nonlinear quantum sensing. The
air-mode of this device is advantageous for optomechanical coupling, while also having ultrahigh
optical quality factor Qo ∼ 106 despite its proximity to the light-line and the relatively low
refractive index of silicon nitride. Paddle nanocavities realized from this device have a quadratic
coupling coefficient g(2)/2pi = 10 MHz/nm2, and their performance within the context of quantum
optomechanics experiments is analyzed.
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1. Introduction
One-dimensional photonic crystal cavities (PCC’s) patterned in nanobeams have many uses
in both fundamental and practical applications of cavity optomechanics [1–3], for instance to
observe quantum correlations at room temperature [4], cooling of a nanomechanical oscillator
into its quantum ground state [5], ultra-sensitive torque magnetometry [6], and to realize laser [7]
and electro-optic modulator technologies [8]. Many methodologies for designing defects within
nanobeam waveguides typically patterned with holes to define PCCs have been discussed. One
of the most successful approaches relies on tailoring the envelope of the electric field in the
central region of the nanobeam by gradually varying the hole shape or spacing [9]. By following
a deterministic design procedure based on gradually varying the bandgap of each unit cell of
the nanobeam [10,11], optical modes with ultra-high quality factors (Qo) can be created with
fields concentrated in the high-index dielectric or lower-index air/vacuum regions, referred to as
dielectric- and air-modes, respectively.
Cavities supporting air-modes are advantageous for applications such as sensing and optome-
chanics due to their high concentration of optical energy in the lower index regions surrounding
the mechanically moving boundaries of the device [12]. Air-mode PCC’s have been demonstrated
with Qo > 105 at optical [13] frequencies, and have applications such as temperature and
refractive index sensing [14] and detecting single nanoparticles [13]. They are also the basis
for optomechanical devices such as split-beam cavities (SBC’s) [15–18], where a complete gap
is introduced into the centre of the photonic crystal, and paddle nanocavities (PNC’s) [19,20],
where a nano-mechanical resonator is inserted into the gap of the split-beam cavity and interacts
strongly with the optical mode. In these devices, the electric fields concentrated in the air and
overlapping with the boundaries of the nanomechanical resonator allow sensitive transduction of
the mechanical motion and enable studies of magnetometry [6] and nonlinear optomechanics [20].
To date, one dimensional air-mode PCC’s have typically been fabricated from high refractive
index silicon (Si, nSi ∼ 3.5). There is significant interest however in creating air mode silicon
nitride devices (Si3N4, nSi3N4 ∼ 2.0) [21]. The large internal tensile stress of Si3N4 films on Si
(∼ 1 GPa) allows for realization of high mechanical quality factorQm > 106 nanobeammechanical
resonators [22–24]. It also enables creating optomechanical structures [24–30] suspended over
large length scales without warping or stiction compared with materials such as Si. This allows
fabrication of long, thin supports suitable for suspending nanomechanical elements with enhanced
sensitivity to external forces owing to a combination of low mechanical frequency ωm, effective
mass me f f , and spring-constant [29]. For example, zipper cavities consisting of pairs of side-
coupled dielectric-mode Si3N4 PCC’s [9] have been fabricated with high aspect ratio tethers
(115 µm x 130 nm) for ultrasensitive accelerometers [26] and studying feedback cooling [27]. As
well, Si3N4 is compatible with standard silicon and CMOS manufacturing processes, has low
optical absorption from telecom through most visible wavelengths with nominally no two-photon
absorption at telecommunication wavelengths, and can be integrated with lithium niobate [31].
However, its relatively low refractive index is detrimental to high-Qo air-mode PCC design [32,33]
due to its reduced optical energy confinement and resulting increased coupling to vertically
radiating modes.
Air-mode PCC’s locally confine the higher energy conduction band mode of a photonic
crystal waveguide through tapering a decreasing fill factor towards the centre of the crystal, and
vice-versa for the dielectric mode. Encapsulated air-mode Si3N4 PCC’s with elliptical holes
designed for 740-1000 nm wavelengths have been used to show the deterministic positioning
of nanoparticles [34–36]. However, most demonstrations of Si3N4 PCC’s to date have utilized
the dielectric mode, ensuring that the bandedge frequency of the photonic crystal waveguide
from which the PCC is formed is far from the light-line ω = ckx , where kx is component of the
wavevector k parallel to the PCC’s waveguiding axis [37]. Lowering the bandedge frequency from
which the PCC mode is formed, either by increasing the effective refractive index ne f f or basing a
PCC on a dielectric mode, reduces coupling between the optical mode and radiation modes above
the light-line, and thus reduces loss. Dielectric mode Si3N4 PCC’s have been shown to have high
Qo [38], have been demonstrated in the resolved-sideband regime of cavity optomechanics [39],
and have been used to study the emission properties of SiN [32] and to modify spontaneous
emission [40]. Dielectric mode zipper cavities have also been used for cavity optomechanics [41],
and side-coupled optical and mechanical beams can form slot-mode optomechanical crystals that
have been used in multimode optomechanics [42]. These devices are often designed at target
wavelengths for specific applications, for instance at 637 nm for interfacing with diamond color
centres [33].
In contrast, free-standing air-mode Si3N4 PCC’s at telecommunication wavelengths have
not been reported to the best of the authors’ knowledge. Here we show that air-mode Si3N4
nanobeam PCC’s based on tapered round holes can be designed with ultra-high Qo. This is
achieved by increasing the thickness of the devices, thus increasing ne f f and lowering the
air-mode band-edge frequency away from the light-line. Motivated by high Qo optomechanical
SBC’s and PNC’s [15, 19], we then design devices based on elliptical holes that mode-match to
a physical gap introduced within the PCC. Due to the higher optical bandedge frequencies of
these devices, the standard deterministic design approach fails to predict the highest Qo device.
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Fig. 1. (a) Schematic of the Si3N4 photonic crystal dielectric patterning with the cavity section
shown enlarged and dotted line denoting the cavity centre. Dimensions: width w, lattice
constant a, semi-minor and -major axes (Rx, Ry). (b) The TE-polarization bandstructure
for the centre hole unit cell of the device in (a) for varying nanobeam thicknesses. The
air (dielectric) modes are denoted with solid (dotted) lines, and the bandgaps (bg’s) of the
mirror holes for the respective coloured bands are shown to the right of the plot area. (c) The
quality factor Qo of the PCC’s symmetric fundamental mode determined from 3D FDTD
simulations for thickness t. (d) The 3D FDTD electric field Ey mode profile for a 500 nm
thick device.
However, by substituting a highly elliptical hole for the centre hole and tapering to circular holes
we can lower the band frequencies and achieve an order of magnitude higher Qo than predicted
with the deterministic procedure. We then further extend this highly elliptical hole design to
add mechanical degrees of freedom and create high-Qo SBC and PNC designs. These devices
combine the excellent mechanical attributes of Si3N4 with the sensitive cavity-optomechanical
transduction of earlier Si based designs [20]. This is predicted to allow their room-temperature
thermal motion to be detected in a nonlinear optomechanical measurement whose power spectral
density (PSD) is observable above system noise levels. We also show that in cryogenic conditions,
observations of thermally-driven nonlinear optomechanical phononic Fock state quantum jumps
and shot noise should be detectable. Notwithstanding these developments in Si3N4, we note that
the results presented here can be used for device design in any low-loss material with a similar
index of refraction, such as diamond [43].
2. Photonic crystal nanocavity design
We begin by discussing the design of the Si3N4 air-mode PCC shown in Fig. 1(a). The hole
dimensions and tapering were calculated with the deterministic design recipe in Refs. [10,11], as
discussed below. We set the nanobeam width w = 760 nm and lattice constant a = 670 nm such
that the target PCC mode wavelength λo ∼ 1550 nm (ωo ∼ 200 THz, a/λo ∼ 0.432) can be
achieved for the range of hole sizes considered here. Initially the nanobeam thickness was set to
t = 350 nm, then varied to study its effect on the PCC modes. As part of this design recipe, the
band structure and band-edge frequencies of unit cells of the waveguide for varying hole shape
were calculated using a 3D frequency-domain eigensolver [44] with high spatial resolution. From
these bandstructure calculations, we first find the central cavity hole dimensions that brings the
unit-cell air-mode band-edge frequency close to the target ωo. We then find the outer mirror hole
dimensions to maximize the mirror strength γ:
γ =
( (ω2 − ω1)2
(ω2 + ω1)2 −
(ωo − ωmid)2
(ωmid)2 )
)1/2
, (1)
experienced by the mode at ωo that is within the mirror hole bandgap, defined by the dielectric
and air band-edge frequencies ω1 and ω2, respectively, of the mirror hole unit cell [15]. Here
ωmid = (ω2+ω1)/2 is the mid bandgap frequency, and γ is proportional to the inverse attenuation
length.
Initially we restricted ourselves to circular holes. A cavity centre hole with radius 150 nm was
found to have an air-mode band-edge frequency ω2 ∼ ωo. To form an air-mode nanocavity, the
surrounding hole radii were tapered quadratically over Nc = 12 holes symmetrically on either
side of the nanobeam to the first mirror holes with radius 215 nm. Nm = 15 mirror holes were
then added to both sides. The bandstructure for the centre hole unit cell plotted in Fig. 1(b) shows
the fundamental (TE-like, y-odd parity, z-even parity) air and dielectric mode frequencies in
normalized units (ωa/2pic = a/λ) as a function of kx for varying t. From the bandstructure, we
see that the air-mode band-edge frequency for the t = 350 nm device is relatively close to the
light-line. When we compute the fundamental optical mode of the full t = 350 nm PCC using a
3D finite-difference time-domain (FDTD) simulation [45] we find a Qo ∼ 104. A similar Qo is
observed if we keep the cavity hole radii constant and quadratically decrease the lattice constant
from the centre of the cavity to the mirrors [46].
To increase Qo we then studied the effect of changing t. In nanobeam PCC’s, light is index-
guided in the z direction, and typically t ≤ λ/2n is chosen so that the underlying waveguide
remains single-mode over the frequency range of interest [47]. Figure 1(b) shows that increasing
the thickness pushes the band structure lower in frequency, away from the light-line: as t is
increased to 610 nm, the air-mode band-edge falls from a normalized frequency of 0.441 to
0.409. This corresponds to increasing ne f f , which decreases ωo and reduces coupling to radiation
modes, and is reflected by Qo increasing towards 106 as shown in Fig. 1(c). A simulated optical
mode electric field profile (Ey) for a t = 500 nm device is shown in Fig. 1(d), whose corresponding
Qo is ∼ 105. In fabricated Si3N4 PCC devices, t generally ranges from 200-450 nm [38, 46].
In consideration of the single-mode condition and with a desire for a high-Qo, we will use a
t ∼ 500 nm for the remainder of this analysis.
To design a nanobeam PCC with elliptical holes that will form the basis of the optomechanical
devices discussed below, we relax the constraint of requiring holes to be circular, leave the
other nanobeam dimensions unchanged, and again apply the deterministic design procedure [15].
There are a continuum of hole shapes with varying ellipticity that maintain the same ωo as the
round hole device, as discussed below. We begin by choosing the centre hole with maximum
ellipticity as constrained by the waveguide width. The resulting device is shown in Fig. 2(a). The
cavity centre hole with semi-minor and semi-major axis dimensions (Rxc , Ryc ) = (119.4, 350) nm
has a/λ = 0.432, and Fig. 2(b) shows how the bandstructure of this unit cell compares with
that of the 150 nm radius round centre hole unit cell. If we quadratically taper to a mirror hole
(Rxm , Rym ) = (210, 285) nm with maximum of the mirror strength following:
Rx j,yj = Rxc,yc + ( j/Nc)2(Rxm,ym − Rxc,yc ) (2)
for integer j ∈ [−Nc, Nc], we find a simulated 3D Qo = 4.4 × 104.
For the purpose of comparison, we also simulated a device with a highly elliptical centre hole
with the same fill factor as the round centre hole of the device in Fig. 1(a). In Fig. 2(c), the fill
factors of ellipses of dimensions (Rx, Ry) are calculated; the black line shows hole dimensions
with the same fill factor as the round centre hole. The bandstructure for the hole with dimensions
(Rxc , Ryc ) = (64.3, 350) nm is shown in Fig. 2(b) (red line) to have much lower bandedge
frequencies; substituting this highly elliptical hole for the round cavity centre hole and tapering
quadratically to the 215 nm round mirror holes results in the device shown in Fig. 2(d) with a 3D
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with a highly elliptical centre hole and hole axes quadratically tapering to round mirror holes,
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the devices in (a) (dotted) and (d) (dashed). The hole dimensions that have a mirror strength
at the target frequency ωo are shown with the solid white line.
simulated Qo = 5.3 × 105. This is more than an order of magnitude greater than the Qo of the
PCC designed following the standard deterministic recipe based on bandedge matching. This
can be explained by this design’s lower mode frequency a/λ = 0.40 that is further from the air
light-line and as a result has less vertical radiation loss. For comparison, the trajectories of the
hole mirror strengths of both the band-edge matching design (dotted line) and the highly elliptical
to round hole fill-factor design (dashed line) are shown in Fig. 2(e). Also note the solid white
equi-frequency line at the target frequency in this Figure. We expect that numerical optimization
in future work, e.g. using a genetic algorithm [48], would allow Qo to be increased further.
3. Creating split-beam and paddle nanocavity optomechanical devices
We now show how the highly elliptical hole device from Fig. 2(d) can be used as the basis for the
split-beam cavity shown in Fig. 3(a). A split-beam cavity is formed by making a clear cut through
the centre of the nanobeam, creating nanocantilevers whose mechanical modes are similar to
those used in many sensing and metrology applications. Placing the cut in the centre of PCC
ensures that the nanocantilever motion interacts strongly with the optical cavity mode. In order
to maintain high-Qo, tapering to highly elliptical holes is beneficial, as they better match the
rectangular shape of the gap [15]. When designing SBC’s, it is critical to understand the optical
mode structure to know what gap width g to replace the centre hole with. With SBC’s in Si, it
was previously found that the dielectric mode of the gap had to be matched to the air mode of the
centre hole due to a crossing of the waveguide band edges [15]. As shown in Fig. 3(b), due to the
lower refractive index of the Si3N4, the dielectric and air mode bandedge frequencies of the gap
unit cell as a function of nanobeam width in Si3N4 do not cross, even with the same w/t ratio as
in Ref. [15]. Knowing this, we then substitute a gap with g = 110 nm that has the same fill factor
as the cavity centre hole that it replaces (given from Fig. 2(c)). After local optimization of g, we
find that for g = 112 nm the SBC supports an air-mode with Qo = 2.2 × 105. The bandstructure
of a unit cell containing this gap is shown in Fig. 2 (blue line) to overlap very closely with that of
the highly elliptical hole.
A similar process can be followed to create a Si3N4 paddle nanocavity such as the device
shown in Figs. 3(c,d). In this device a Si3N4 paddle is inserted between the split-beam cavity
nanocantilevers, with the same gap g = 112nm between each nanocantilever and the paddle.
The paddle length is chosen following the procedure used to design Si paddle nanocavities in
Ref. [19]. When simulated with a paddle length of ∼538 nm and without any supports, as shown
in Fig. 3(d), a Qo = 1.1 × 105 is found. In a realistic device, the paddle is suspended from the
unpatterned device layer by thin supports as shown in Fig. 3(c). Adding 100 nm wide supports
connected to the center of the paddle reduces Qo to 1.7 × 104.
The support and paddle dimensions determine the properties of the paddle’s mechanical
resonances, which can interact optomechanically with the optical modes of the device. Here
we are interested in the axial sliding mechanical resonance shown in Fig. 3(c) that mimics
membrane-in-the-middle devices [49–53]. For the sliding resonance, the paddle nanocavity
has a vanishing linear optomechanical coupling owing to the odd symmetry of the mechanical
mode and the even symmetry of the optical mode intensity [20]. However, it has a nonlinear
quadratic optomechanical coupling that is of particular interest for quantum optomechanics
experiments [49, 50, 54]. This coupling strength is determined by the change in local dielectric
constant∆(r; x) as a function of position r of the paddle’s normal mechanical mode displacement
amplitude x, overlapped and cross-coupling the electric fields Eω of the nanocavity optical mode
spectrum at frequencies ω [20]. The quadratic optomechanical coupling coefficient:
g(2) =
ω
2
|〈Eω | δδx |Eω〉|2
|〈Eω | |Eω〉|2 −
∑
ω′,ω
(
ω3
ω′2 − ω2
) |〈Eω′ | δδx |Eω〉|2
〈Eω′ | |Eω′〉〈Eω | |Eω〉 (3)
describes the strength of the nonlinear photon-phonon interactions in the system [12, 55, 56].
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Fig. 3. (a) Schematic of the split-beam cavity with gap width g and corresponding Ey field
profile. (b) Gap unit cell band edge frequencies (green) and Ey field profiles for the optical
modes at the points marked (and in blue at the same w/t ratio as in Ref. [15]) showing that
the modes for the gap for each device do not cross. (c,d) Design and field profile of the
paddle nanocavity with the axial motion of the paddle indicated (supports not shown in (d)).
As discussed above, the first self-term describing the nonlinear contribution from the linear
optomechanical coupling vanishes [20]. However, in practice there is some amount of linear
coupling [19] generated by imperfections in the fabricated device. Linear coupling can also
be introduced with an external waveguide used to couple light into and out of the cavity [57].
Following Ref. [20], a g(2)/2pi ≈ 10 MHz/nm2 was calculated by inputting the mechanical sliding
resonance profile and the optical field profiles of the fundamental (Eω) and higher order (Eω′)
optical modes of the paddle nanocavity into Eq. 3. These calculations where performed using
finite element method simulations (COMSOL), and contributions from higher order modes over
a spectral range of tens of terahertz were considered. Including this extended higher order mode
spectrum was aided by automating the calculations that were performed manually in Ref. [20].
Although g(2) is reduced in Si3N4 paddle nanocavities in comparison to their Si implementation,
due in part to the lower refractive index of Si3N4, applications in quantum optomechanics can
benefit from the exceptionally high aspect-ratio mechanical structures realizable in Si3N4. To
illustrate this potential, we now investigate the effect of increasing the paddle’s sliding mode
per-phonon displacement amplitude by increasing the support length L to reduce the mode’s
spring constant. Figure 4(a) shows a schematic of the device with a 50 µm × 100 nm support cross
section. The mechanical frequency ωm and effective mass me f f of the sliding mode (computed
with COMSOL) as a function of support length are shown in Fig. 4(b). For L ranging 5-50 µm,
ωm/2pi varies from ∼ 107 − 105 Hz, and has a L−1.9 dependence slightly shifted from L−2 as
expected from Euler-Bernoulli nanobeam theory [58] due to the mass distribution of the paddle.
The corresponding me f f varies from ∼ 1 − 7 pg. Shown in Fig. 4(c), the zero-point fluctuation
amplitude xzp f =
√
~/2me f fωm varies from 20-120 fm (where ~ is the reduced Planck’s
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Fig. 4. (a) Schematic of the paddle nanocavity with L = 50 µm supports. (b) Mechanical
frequency ωm (red) and effective mass me f f (blue) and (c) the single-photon to two-phonon
coupling rate ∆ωo (red) given from the zero-point fluctuations xzp f (blue).
constant), and the corresponding single-photon to two-phonon coupling rate ∆ωo ≡ |g(2)x2zp f |
varies from 2pi × (0.25-0.9) Hz. These plots illustrate that increasing L results in a larger
per-phonon nonlinear optomechanical coupling due to the increase in xzp f .
Given these simulated parameters we can make predictions regarding the suitability of Si3N4
paddle nanocavities for nonlinear optomechanical detection of motion driven by thermal and
quantum effects. If photons are coupled into and out of the cavity with an external waveg-
uide (e.g. a fiber taper or end-fire coupled waveguide) and measured with a photodetector,
the optical response of the paddle nanocavity transducing the nonlinear mechanical displace-
ment can be predicted [20]. For input power Pi , the photodetected optical power spectral
density (PSD) S(2)P (ω) = 14P2i G22Sx2 (ω), where G2 is the quadratic coefficient of transduction
of the fluctuating waveguide output, and Sx2 is the PSD of the x2 mechanical motion, given in
Ref. [20] for the case of a thermally driven mechanical resonator. Here G2 describes the cavity
optical response measured by the photodetector, and includes the influence of the photodiode
quantum efficiency, Qo, g(2), and waveguide transmission losses. Both G2 and Sx2 assume there
is no backaction and the device is operating in the sideband-unresolved regime [1].
Figures 5(a,b) show the thermally driven S(2)P (ω) of the sliding resonance at an operating
temperature of 300 K, and indicate that it can be observed above technical noise. The signal
strength varies with L and the mechanical detuning ω/ωm; traces in Fig.’s 5(a,b) correspond to
signal for L = 50 µm in their respective spectrographs S(2)P (ω, L), which are also shown. These
spectra assume reasonable experimental parameters: Pi = 100 µW chosen so as to not saturate the
detector, the input laser detuning from the nanocavity resonance set to maximize G2, and either
relatively low Qo = 4.0 × 103 and Qm = 102 (Fig.’s 5(a)) or attainably high Qo = 4.0 × 104 and
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Fig. 5. PSD of the mechanical resonance for (a) low Qo = 4.0 × 103, Qm = 102 and
(b) high Qo = 4.0 × 104, Qm = 105 ((a,b) top plots are with L ∼ 50 µm long supports).
The detector noise (lower, red dashed line) and shot noise (upper, black dashed line) are also
shown. (c) The PSD at L = 50 µm and ω/ωm = 2. (d) PSD for high Qo, low Qm as given in
(a,b).
Qm = 105 (Fig.’s 5(b)). The power spectrum is strongest at ω = 0 and ω/ωm = ± 2, with the latter
being of interest in practical experiments so as to minimize the influence of 1/ω technical noise
not considered here. The signal generally increases with Qo and Qm, and the FWHM (full-width,
half-maximum) of the peaks narrows with increasing Qm. As shown in Fig. 5(b), for the high
Qo and Qm values, the nonlinear signal can exceed the electronic noise (red dashed line) of a
Newport 1811 photoreceiver (NEP = 2.5 pW/Hz) and the optical shot noise (black dashed line)
by over 30 dBm/
√
Hz.
The importance of increasing L can be seen from the spectrographs in Figs. 5(a,b), whose
contours indicate that the frequency range where the signal exceeds the noise sources becomes
larger as L increases. This is a result of the increase in thermal occupancy (due to decreasing
ωm) and increase in g(2) of the device with increasing L. The impact of reducing mechanical and
optical dissipation is illustrated by Fig. 5(c), which shows how the signal strength at L = 50 µm
and ω/ωm = 2 depends on Qo ranging over 103 − 105 and Qm over 102 − 106. At the maximum
of these values, the signal strength reaches ∼ −35 dBm/√Hz, approximately 50 dBm/√Hz over
the predicted system noise levels. Figure 5(d) shows that increasing Qo while maintaining low
Qm raises the signal level but maintains a broad bandwidth, making the signal accessible at all
mechanical frequencies between ω/ωm = ±3 for support lengths > 40 µm.
Finally, we discuss how the Si3N4 paddle nanocavity is expected to perform for phononic
quantum non-demolition (QND) measurements [20]. Although the g(2) for this device is almost
two orders of magnitude lower than that of similar Si devices, the high internal stress of Si3N4
enables longer supports that in practice lower ωm. Stress engineering can be used to increase Qm
and has resulted in record Qmωm products in recently reported work [24,30]. This figure of merit
is a measure of the ability of a mechanical resonator to maintain coherence in the presence of a
thermal bath. Considering measurement shot noise and the expected change in cavity transmission
due to a change in phonon number, as in Ref. [49], it is predicted that the signal-to-noise ratio
Σ(0) = τ(0)tot∆ω2o/Swo for a quantum jump measurement from the motional ground state to a single
phonon Fock state could exceed unity for sufficiently high Qm and L, as shown in Fig. 6(a).
The Σ(0) for Qm = 102, 105 and 108 (blue, orange and green curves respectively) is presented,
assuming the device and its surroundings are cryogenically pre-cooled to a bath temperature
Tb = 10 mK, and that Qo = 106. Here τ(0)tot = ~Qm / kBTb (for Boltzmann’s constant kB) is the
thermal lifetime quantifying the rate of decoherence of the ground-state-cooled nanomechanical
resonator due to bath phonons, and Swo = ~ωoκ2/16Pi is the shot-noise-limited sensitivity of
an ideal Pound-Drever-Hall detector for cavity loss rate κ (cooling the device to the ground state
will be further discussed below). With Qm = 108 and L = 500 µm, Σ(0) > 1, however this can also
be achieved with lower Qm and longer L. We note that calculating the signal-to-noise ratio as in
Ref. [54] gives similar results.
For measurements of phonon shot noise (the granularity of large phonon number coherent
states) [59] with signal-to-noise ratio S = 8n¯dnthΣ(0) > 1, the required drive amplitude xd and its
correspondence in units of phonon number n¯d , assuming a thermal phonon number nth = 1/4, is
shown in Fig. 6(b). At L = 500 µm, the number of required coherent drive phonons is < 400, a
relatively small value that is more than three orders of magnitude less than what is required to
drive the Si device previously discussed [20]. This leaves significant available headroom in drive
strength to compensate for non-optimal devices parameters and reduced Σ(0).
However, the above figures of merit do not consider the effect of parasitic linear optomechanical
coupling between the optical cavity modes that is discussed in detail in Refs. [54,60,61]. This
coupling, which originates from the non-zero cross-coupling terms in Eq. (3), is a form of
decoherence that imposes a strong coupling requirement for QND measurements [60]. Applying
the theory from Ref. [60] to our system and assuming that the nonlinear coupling is dominated
by a single cross-coupling term, this condition roughly requires κ1κ2/|∆ωo(ω′ − ω)| < 1,
where (ω′ − ω) is the detuning between the cavity modes whose cross-coupling is the dominant
contributor to g(2) in Eq. (3), and κi = ωi/Qi are the optical loss rates of the modes. For our
system, |ω′ − ω |/2pi ∼ 10 THz, κ1,2/2pi ∼ 1 GHz (Qo ∼ 105), and g(2)/2pi ∼ 1 Hz, indicating
that the device is four to five orders of magnitude away from satisfying this condition, and that
increasing Qo as well as g(2) and/or |ω − ω′ | is required before QND measurements will be
possible. Increasing Qo to 107, as achieved in silicon photonic crystals [62], is one such path
towards this goal. In parallel, further increasing g(2) while maintaining a large |ω − ω′ | would
contribute to reaching this regime.
Although the longer supports make the quantized phononic energy fluctuations of the oscillator
observable, there will be increased thermal decoherence associated with the lower ωm. There is
also a trade-off in the increase in thermal phonon occupation number at achievable cryogenic
operation temperature, requiring development of the ability to further cool the mechanical
resonance from Tb to an effective temperature corresponding to the quantum ground state.
The number of phonons nth remaining in the device at Tb and ωm given by L (according to
Bose-Einstein statistics) is shown in Fig. 6(b) (blue). Removing these phonons in order to
demonstrate the quantum effects described above would require sideband-unresolved nonlinear
optomechanical cooling [63] to extract mechanical energy by scattering incident photons to
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Fig. 6. (a) Predicted phononic Fock state measurement signal-to-noise ratio Σ(0) forQm = 108
(top, green),Qm = 105 (middle, orange), andQm = 102 (bottom, blue) at ultrahighQo = 106.
(b) The number of phonons nth in the device at Tb = 10 mK (blue) and the drive amplitude
xd (red, and in units of phonon number nd) to achieve a signal-to-noise ratio S > 1 when
measuring phonon shot noise.
higher energies (anti-Stokes scattering), as recently achieved in a low-frequency optomechanical
system [63]. By interacting squeezed light with the optomechanical cavity, one can coherently null
the Stokes processes which prevent cooling, and the mechanical system can in principle be cooled
arbitrarily close to the motional quantum-mechanical ground state [63]. Techniques to increase the
Qm, such as the utilization of phononic crystals [5] and nanostring strain engineering [24,64,65],
could also help reach this goal.
4. Conclusion
Designing a silicon nitride air-mode PCC is a delicate task due to the sensitivity of the device
to optical loss through radiating modes. High optical quality factor devices can be realized by
reducing the air-mode bandedge frequencies through increasing the device thickness. These
devices can form the basis for optomechanical devices that can be used for both fundamental and
practical research and applications.
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